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The M Cell as a Portal of Entry
to the Lung for the Bacterial Pathogen
Mycobacterium tuberculosis
alveolus represent the source of a primary tuberculous
focus or lesion in which the pathogen either replicates
or is contained.
Numerous enteric pathogens have been found to uti-
lize a route of entry across the mucosa into the body,
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few reports have indicated M cells can be found in the
lung as well as in the gut of experimental animals, andSummary
previous work has established that particulate antigens
(Tenner-Racz et al., 1979) and latex beads (Pappo andM. tuberculosis accesses the terminal lung and is
Ermak, 1989) can be transported through pulmonaryphagocytosed by alveolar macrophages. Utilizing a
and intestinal M cells. While numerous pathogens havemouse intratracheal challenge model, we demonstrate
been demonstrated to traverse the gastrointestinal M
that M. tuberculosis rapidly enters through M cells as
cell, there is only a single report that a pathogen, reovi-
well. From there, bacilli are deposited within associ-
rus, can use M cells to gain access to the body from
ated intraepithelial leukocytes and subsequently con-
the lung (Morin et al., 1994). This suggests that M cells
veyed to the draining lymph nodes early after infection.
could play a role in luminal sampling of mucosal antigens
Osteopetrotic (Csfmop/Csfmop) mice, null mutants for and pathogens in the lung (Sminia et al., 1989), as well
macrophage colony-stimulating factor, possess di- as the gut (Neutra et al., 1996a). M cells possess acidified
minished numbers of circulating monocytes and tissue compartments containing cathepsin E (Finzi et al., 1993)
macrophages. Csfmop/Csfmop mice were highly sus- and express MHC class II molecules (Allan et al., 1993)
ceptible to challenge with M. tuberculosis. In contrast and ICAM-1 on their cell surface (Ueki et al., 1995),
to controls, tubercle bacilli were not conveyed to shown in some instances to provide costimulatory activ-
draining lymph nodes early after infection but were ity (Damle et al., 1992; Van Seventer et al., 1992; Semnani
instead retained within the mucosa. These results indi- et al., 1994), and therefore, the machinery necessary for
cate that M cells represent an alternate portal of entry initiating an immune response at the mucosal surface.
for M. tuberculosis, which may contribute to the rapid Professional antigen-presenting cells, macrophages and
development of protective lung immune responses. dendritic cells, have access to the lymphoid pocket
(Beinenstock et al., 1973; Gong et al., 1992) and can
present antigen to the lymphocytes present in theIntroduction
lymphoid compartment within the mucosa (Beinenstock
and Johnston, 1976). While these specialized epithelial
The alveolar macrophage is generally thought to be the cells allow for pathogen entry, they can concomitantly
point of entry of M. tuberculosis into the lung and the facilitate, and possibly initiate, an early immune re-
first line of defense against infection by the tubercle sponse providing protection to the host from the invad-
bacillus (Henderson et al., 1963). Airborne bacilli are ing pathogen.
inhaled in droplet nuclei, small droplets that circulate in Because M cells are known to provide a rapid transit
air for long periods of time, and gain access to the of antigens and pathogens to the immune system, and
terminal ramifications of the respiratory tree (Wells et because the nature of the early immune response to
al., 1947). However, only particles less than 5 mm in M. tuberculosis infection may be determinative in re-
diameter can gain access to the alveolus (Hatch, 1942), stricting the growth of the pathogen, we have investi-
where within the alveolar space, resident macrophages gated the interaction of virulent tubercle bacilli and M
phagocytose the tubercle bacillus. Presumably, most cells following pulmonary challenge in mice. The ratio-
bacteria engulfed by alveolar macrophages are removed nale for such an interaction derives from observations
from the body by the mucocilliary escalator, while a few made by Calmette et al. (1933) that children receiving
viable bacilli are thought to be transported in macro- bacille Calmette-Guerin (BCG), the attenuated vaccine
phages into the lung. These bacilli within the terminal strain derived from M. bovis, orally, had detectable bac-
teremia within 3±5 hr (Calmette et al., 1933), indicating
rapid transit across the gut epithelium. Subsequently,7 To whom correspondence should be addressed (e-mail: barry_
bloom@harvard.edu). BCG was observed to cross the gastrointestinal mucosa
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Figure 1. Interaction of M. tuberculosis with the Surface of Pulmonary M Cells
C57BL/6 mice were challenged with 1 3 107 virulent M. tuberculosis, Erdman strain, intratracheally. Tissue was processed for scanning
electron microscopy.
(A) M. tuberculosis (arrowheads) adhere to and cause a tunneling of the M cell surface (arrows). Bar, 1 mm; magnification, 2,5003.
(B) Higher magnification of bacteria in (A), with cluster of M. tuberculosis (arrowhead) adhering to microvilli on the M cell surface (small arrows).
Bar, 1 mm; magnification, 10,0003.
(C) Higher magnification of bacillus in (A), showing microvilli adherence to bacterial surface as well (arrows). Bar, 1 mm; magnification, 13,0003.
through M cells in a rabbit ileal loop model (Fujimura, mice, free of known infectious pathogens, were infected
intratracheally and intranasally with virulent M. tuber-1986). Tenner-Racz et al. (1977) have demonstrated that
BCG upregulates the number of M cells in the respiratory culosis. Mucosal tissue lining the respiratory tree was
sampled, beginning from areas just distal to the firstmucosa in rabbits intratracheally challenged with the
bacilli, facilitating soluble antigen transport across the bronchial bifurcation of the airways. Adherence of M.
tuberculosis to the mucosal surface was evaluated utiliz-epithelial barrier of the respiratory mucosa.
In the present studies, we address the question of ing scanning electron microscopy (SEM). M. tuberculo-
sis (Figure 1A, arrowheads) intimately contacted the api-whether M. tuberculosis utilizes the M cell as a portal
of entry into the body, thus providing a significant cal surface of M cells and initiated entry. The microvilli
conduit for transit of the pathogen to the draining lymph of the M cells adhered to the surface of the bacterial
nodes. Utilizing both conventional mice and osteope- cluster (Figure 1B, small arrows), and a tunneling of the
trotic (Csfmop/Csfmop) mice homozygous for a mutation cell surface was seen (Figure 1A, large arrows). In Figure
in the mononuclear phagocytic growth factor, colony- 1A (arrowhead), an additional single bacillus can be seen
stimulating factor 1 (Pollard and Stanley, 1996), we pre- adhering to the cell surface, and contact with the micro-
sent evidence that pulmonary M cells represent a novel villi is evident at higher magnification as well (Figure
alternate entry site for M. tuberculosis and suggest that 1C, small arrows). In the six infected mice subjected to
this could contribute to the development of an early detailed evaluation, adherence of M. tuberculosis to M
protective response. cells was found at various points along the mucosa from
the first bronchial bifurcation, extending as far as to the
bronchioles. Control mice intratracheally injected withResults
PBS supplemented with Tween detergent showed no
bacilli bound to the epithelial surface, independentlyM. tuberculosis Adheres to the Surface of M Cells
confirming that these mice were free of respiratoryin the Bronchial Mucosa 1 hr Post
pathogens. By 3 hr post infection fewer bacilli could beRespiratory Infection
found adhering to the M cell surface, indicating thatTo investigate whether M. tuberculosis interacts with
many of the bacilli had been internalized or removed.cells lining the respiratory mucosa, and if so, to establish
the kinetics of that interaction, BALB/c and C57BL/6 Although periodically bacilli could be seen in contact
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Figure 2. M. tuberculosis Internalization within Pulmonary M Cells and Intraepithelial Leukocytes
(A) M. tuberculosis (arrowhead) can be seen adhering to the M cell surface at a region of lymphoid cell accumulation (arrows), by 3 hr post
infection. Magnification, 50003.
(B) M. tuberculosis (arrowheads) binds to the M cell surface and is internalized. M. tuberculosis can be seen within M cells in cross section.
Magnification, 60003.
(C) M. tuberculosis is internalized within M cells seen here in longitudinal section (arrowhead). Magnification, 95003.
(D) Ultimately, M. tuberculosis (arrowhead) is transcytosed across the M cell surface (smaller arrows) and is found within intraepithelial
macrophages (larger arrows denote cell border) Magnification, 80003.
(E) Numerous bacilli (arrowheads) can be found within alveolar macrophages at this time. Magnification, 50003; bar, 2.5 mm.
with ciliated epithelial cell surfaces, M. tuberculosis surface (small arrows) and delivered to macrophages
within the lymphoid pocket (larger arrows designatecould never be discerned interacting with the plasma
membranes of these cells, nor were there any observ- macrophage border).
More than 30 mice were evaluated by TEM in tissueable modifications of the cell surface. Thus, SEM estab-
lished a unique interaction between specialized epithe- harvested at numerous times post infection, and sec-
tions were taken at each time from many locations alonglial cells and M. tuberculosis. To establish a role for
M cells in facilitating M. tuberculosis entry across the the respiratory mucosa. In mice challenged with M. tu-
berculosis by the intratracheal route, bacterial presencerespiratory mucosa, however, requires a more detailed
examination by transmission electron microscopy (TEM). within the M cells was not common and found only
after detailed examination. However, intranasal infection
yielded greater numbers of infected M cells. M. tubercu-M. tuberculosis Can Be Found within M Cells
by 3 hr Post Infection losis could readily be seen within alveolar macrophages
as early as 1 hr post infection, and multiple bacilli wereWhile M. tuberculosis was observed binding to the M
cell surface as early as 1 hr post respiratory infection seen by 3 hr post infection (Figure 2E, arrowheads). In
contrast, although M. tuberculosis binding to M cellsby SEM, the presence of the tubercle bacilli within M
cells could be demonstrated by TEM by 3 hr post infec- was seen by 1 hr post infection, no bacilli were seen
within M cells by TEM until 3 hr post infection. Whiletion (Figure 2B, arrowhead). In the examples presented,
the bacilli are seen in both cross section (Figure 2B) these experiments clearly establish that M. tuberculosis
utilizes the M cell pathway as a means of host invasion,and longitudinal section (Figure 2C, arrowhead) within
M cells. The basolateral modification of the murine lung the frequency of entry within M cells is much less than
that in the alveolar macrophages, and the kinetics ofM cell surface is not seen as readily in these sections,
in contrast to other rodent models such as the rat or entry differ as well.
rabbit, because mice generally have less organized pul-
monary lymphoid tissue (Gregson et al., 1979; Sminia
et al., 1989). Despite the lack of discrete lymphoid orga- M. tuberculosis Crossing the Respiratory Epithelia
or Entering the Lung Parenchyma Accessnization within the mucosa of these mice, lymphoid cells
can clearly be discerned at regions of M. tuberculosis Different Lymph Nodes,
with Differing Kineticsuptake within the mucosa (Figure 2A, arrows), as well
as in the submucosa, indicating that this is a region of To evaluate the possible contribution of bacterial entry
across the mucosal barrier toward an early immune re-bronchus-associated lymphoid tissue (BALT) localiza-
tion. Furthermore, in Figure 2D, M. tuberculosis (arrow- sponse, lymph nodes draining the respiratory tree were
dissected, homogenized, and plated for colony-forminghead) was seen to be transcytosed across the M cell
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Figure 3. Differential Accumulation of Myco-
bacteria from the Mucosa and the Terminal
Alveolus within Their Respective Draining
Lymph Nodes
Mycobacteria accessing the lymphatic sys-
tem from the mucosa accumulate more
readily in the draining lymph nodes than do
bacilli entering the lymphatic system from the
terminal alveolus. Normal C57BL/6 mice were
infected intranasally with 1 3 107 BCG, and
BTLN (filled bars) and PBLN (open bars) were
differentially plated for cfu 4 and 24 hr post
infection. Data presented as the mean 6 SD
from two mice harvested in each of three in-
dependent experiments.
units (cfu). Enumeration of viable bacilli within the bron- et al., 1994). Should transcytosis of bacilli across M cells
be significant for host survival, we hypothesized thatchotracheal lymph nodes (BTLN) as well as the pulmo-
nary and bronchopulmonary lymph nodes (PBLN) was mice impaired in their ability to recruit monocytes to the
mucosa would be more susceptible to M. tuberculosiscarried out at early and later times post infection. Our
prediction was that there would be differing kinetics of infection. To test whether these mice are impaired in
their ability to control M. tuberculosis infection, we in-bacterial deposition within the nodes as a consequence
of the bacterial point of entry. In mice assayed in three fected Csfmop/Csfmop and their homozygous wild-type
littermates with 1 3 103 M. tuberculosis. In two indepen-independent experiments, as early as 4 hr post intratra-
cheal infection, numerous cfu could be found within the dent experiments, while control mice survive over 10
weeks, Csfmop/Csfmop mice succumbed by 4 weeks postBTLN (black bars) (Figure 3). PBLN (white bars) plated
from the same mice give negligible cfu at 4 hr post infection (Figure 4A). Plating of the lung homogenate
obtained at the time of death from Csfmop/Csfmop miceinfection. By 24 hr post infection, while the number of
bacilli doubled in the BTLN, the number of bacilli in ironically yielded similar cfu as did the C57BL/6 strain
(Figure 4B), despite the enhanced mortality of Csfmop/the PBLN had now risen by 100-fold. Although both
intraepithelial and alveolar macrophages contain myco- Csfmop mice to M. tuberculosis infection. Thus, the alve-
olar macrophages in Csfmop/Csfmop mice were able tobacteria by 3 hr, as was demonstrated by the TEM stud-
ies above, only macrophages arising from the intraepi- control M. tuberculosis replication adequately.
The only known mechanism of direct macrophagethelial pocket convey bacilli at 4 hr post infection to
the BTLN lymph nodes. Alveolar macrophages maintain mycobactericidal activity is through the production of
reactive nitrogen intermediates (Chan et al., 1992). Sincetheir mycobacteria in the alveolus, and bacteria do not
gain access to the PBLN until some time later. These the number of recoverable cfu from Csfmop/Csfmop mice
at end-stage disease was comparable to controls, weresults suggest that tubercle bacilli gaining access to
the epithelial lymphoid tissue through M cell trans- sought to determine whether this killing mechanism was
intact in Csfmop/Csfmop mice. Lung tissue from infectedcytosis are likely to initiate immune responses earlier
than those found in the alveolar macrophages. control and Csfmop/Csfmop mice was harvested at end-
stage disease, and immunohistochemistry was per-
formed to determine the presence of the iNOS proteinOsteopetrotic Mice Are Highly Susceptible
to M. tuberculosis Infection (Figures 4C and 4D). Both control and Csfmop/Csfmop
mice produced the iNOS protein, in comparable amounts.To investigate whether the paucity of demonstrable ba-
cilli within the M cells seen by TEM was due to extremely Taken together these results indicate that alveolar mac-
rophages in Csfmop/Csfmop mice are not impaired in theirrapid bacterial transcytosis, the small tissue sampling
area assessed microscopically, a low frequency of bac- ability to control M. tuberculosis infection, and thus are
unlikely to be responsible for the enhanced susceptibil-terial entry, and to determine the existence of a physio-
logical significance for this entry route, mice homozy- ity of these mice.
gous for the osteopetrotic mutation (Csfmop/Csfmop)
provided a useful model. Csfmop/Csfmop mice have a Csfmop/Csfmop Mice Reveal Prolonged Retention
of M. tuberculosis within Respiratory Mucosanull mutation in the gene encoding macrophage colony-
stimulating factor (M-CSF), also known as CSF-1, re- To address the role of monocyte recruitment to mucosal
surfaces in conveying bacilli to the draining lymphsulting in a lack of production of the growth factor (Pol-
lard and Stanley, 1996). As a result, these mice have nodes, mucosal tissue from Csfmop/Csfmop and control
mice was processed for light microscopy at or nearfew circulating monocytes and fewer resident macro-
phages, depending upon the organ examined (Cecchini lymphatic vessels, and the presence of acid-fast bacilli
M Cells as Portals of Entry for M. tuberculosis
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Figure 4. Mortality and Lung Bacterial Burden in Csfmop/Csfmop Mice Lacking CSF-1
(A) Survival of Csfmop/Csfmop mice (filled circle) (9 mice/group), wild-type controls (filled square) (5 mice/group), and C57BL/6 mice (open
diamond) (3 mice/group) challenged intratracheally with 103 virulent M. tuberculosis. (Data are the combination of two separate experiments
of Csfmop/Csfmop versus each control.)
(B) Number of cfu recovered from the lungs of Csfm/Csfmop (filled square) and C57BL/6 (filled diamond) mice challenged with 103 M. tuberculosis
(3 mice harvested per group per time point).
(C) Csfmop/Csfmop mice produce iNOS in response to M. tuberculosis challenge. Immunohistochemistry of lung tissue from Csfmop/Csfmop
mice challenged with 1 3 103 M. tuberculosis IT reveals iNOS localized within lung macrophages at 3 weeks post infection (n 5 3).
(D) Immunohistochemistry for the detection of iNOS in similarly challenged C57Bl/6 mice reveals comparable iNOS production.
(AFB) was examined. Maintaining M. tuberculosis within Csfmop/Csfmop mucosa able to convey the bacilli to the
draining lymphatic vessels enables detection of the ba-the epithelia in the Csfmop/Csfmop mouse may reflect a
paucity of macrophages in the Csfmop/Csfmop mice, a cilli accumulating within the epithelia.
To further demonstrate a quantitative difference in themacrophage migration defect, or a longer retention time
of the bacilli within the M cell. M. tuberculosis could be number of bacilli persisting within the Csfmop/Csfmop
mucosal tissue early after infection, we microdissecteddetected in the epithelia in Csfmop/Csfmop mice as early
as 3 hr post infection (Figure 5A) and as late as 3 days M. tuberculosis-infected mucosal tissue away from lung
parenchyma and plated for the number of recoverablepost infection (Figure 5B). M. tuberculosis (arrowheads)
was readily found in the bronchiolar epithelium of Csfmop/ cfu. At 36 hr post infection, 10-fold more bacilli were
recovered from Csfmop/Csfmop mucosal tissue, as com-Csfmop mice without any accompanying lymphoid cells
within the epithelia. M. tuberculosis could not be readily pared to controls (Figure 6A) (p # 0.0001, Student's t
test). These findings confirm that bacilli persist longerdiscerned within the epithelia of control mice at any
time point; however, previous demonstration by TEM within Csfmop/Csfmop mucosa, early after infection, prob-
ably as a result of a failure to convey bacilli to the drain-indicated that M. tuberculosis residence within M cells
was usually in association with intraepithelial leuko- ing lymphatics.
cytes. In contrast, M. tuberculosis (arrowheads) was
seen within the draining lymphatic vessel (arrow) by 24
hr post infection in C57BL/6 mice (Figures 5C and 5D). Csfmop/Csfmop Mice Are Impaired in Their Ability
to Convey Bacilli to the Draining Lymph NodesBy 3 days post infection, tubercle bacilli (arrowhead)
were still impaired in their ability to access nearby lym- In order to verify that bacterial retention within the mu-
cosa results in a failure of the bacilli to access the drain-phatic vessels in the Csfmop/Csfmop homozygous null
mutant mice (Figure 5B, arrow). We infer that it is the ing lymph nodes in Csfmop/Csfmop mice, we harvested
lymph nodes 36 hr post infection to determine theirrelative absence of the lymphoid cells, particularly mac-
rophages, early in infection in the Csfmop/Csfmop mucosa bacterial burden (Figure 6B). While C57BL/6 mice have
detectable cfu within both BTLN and PBLN, Csfmop/that results in the persistence of the tubercle bacilli
within the M cells. The absence of migratory cells in the Csfmop mice do not. Thus, early after infection, bacilli
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Figure 5. Retention of M. tuberculosis within the Intraepithelial Leukocytes of Csfmop/Csfmop Mice 3 Weeks Post Infection
Bronchiolar tissue was found to contain acid-fast bacilli (arrowheads) within the epithelia at 3 hr (A) and 3 days (B) post infection in Csfmop/
Csfmop mice (magnification, 6003; bar, 25 mm). In contrast, in the C57BL/6 controls, M. tuberculosis (arrowhead) can be seen within lymph
vessels (arrow) draining the bronchiole by 24 hr post infection (C) (magnification, 1653). Higher magnification (D) demonstrates several acid-
fast bacilli (arrowhead) within the vessel (arrow) (magnification, 6003; bar, 25 mm).
are retained within the mucosa and therefore prevented could occur in the absence of primary lesion formation,
precluding disease development. Obvious possible in-from accessing the lymphatic system.
terpretations are that the mucocilliary escalator cleared
a greater number of bacilli in some animals, which wereDiscussion
then unable to reach the terminal ramifications of the
respiratory tree, or that the phagocytic activity of theOne of the fundamental questions in tuberculosis con-
cerns determinants of progression to disease following host macrophages determined the number of bacilli able
to form lesions (Henderson et al., 1963). Yet theseexposure and infection. The factors responsible for the
development of complete resistance or latent infection hypotheses do not address the PPD conversion of the
host, an indication that some bacilli were maintained forin the majority of immunocompetent hosts relative to
those who develop primary progressive or reactivated a long enough period of time to facilitate immune system
recognition. An additional hypothesis suggested by theforms of disease remain unclear. The early development
of an appropriate immune response has an important present work would be that some of these bacilli entered
the lung at an alternate site and were rapidly conveyeddeterminative role on the outcome of infection. In stud-
ies using genetically resistant and susceptible rabbits, to the lymph nodes, where they engendered a protective
cell-mediated immune response. This scenario wouldfor example, Lurie et al. (1955) established that a greater
percentage of the tubercle bacilli instilled were routed prevent primary parenchymal lesion development, yet
still result in systemic PPD reactivity. Paradoxically, ad-earlier to the draining lymph nodes in resistant rabbits,
in response to aerosol challenge, correlating with their ditional reports of aerogenically challenged guinea pigs
have demonstrated that infection with minimal numbersenhanced survival. In other studies on naive guinea pigs,
Riley et al. (1959) demonstrated that infectious particles of bacilli do not yield cultivable bacilli in the hilar nodes
until at least 10 days post infection (Smith et al., 1970;carried in room air from patients in a tuberculous ward
inhaled by naive guinea pigs resulted in PPD conversion McMurray, 1994). This discrepancy may be attributable
to differences in infection protocol, as well as innoculumof the guinea pigs, yet did not always produce a primary
lesion. Some of these cases resulted in cultivable bacilli size. Clearly the reconciliation of these findings will give
rise to a better understanding of bacterial trafficking tofrom the hilar lymph nodes, indicating that despite the
inhalation of a similar number of infectious particles the draining lymph nodes.
The present work was undertaken to explore whetheras controls, systemic sensitization and PPD conversion
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mouse served as a useful model to address questions
of mycobacterial transit. These mice lacking CSF-1 have
a major deficit in the number of peripheral blood circulat-
ing monocytes (Wiktor-Jedrzejczak et al., 1982, 1992)
and hence are limited in the number of macrophages
that can be recruited from the blood into the intraepithe-
lial compartment. If there was a deficit in intraepithelial
macrophages, we reasoned that M. tuberculosis might
persist for longer times within M cells. This was con-
firmed by our experiments in the Csfmop/Csfmop mouse.
Although M. tuberculosis enters the M cell within the
same time frame as in control mice, M. tuberculosis
persisted within the epithelial lining as late as 36 hr post
infection. Our interpretation is that the ªhanding offº of
bacilli to neighboring macrophages does not rapidly oc-
cur in the Csfmop/Csfmop mice, and hence bacteria per-
sist and accumulate in M cells of Csfmop/Csfmop mice.
One immunologic consequence of the transcytosis of
M. tuberculosis through pulmonary M cells would be
rapid draining into the bronchotracheal lymph nodes.
Lymphatic drainage of the lung is compartmentalized,
in that materials deposited in the terminal alveolar sac
would be conveyed by pulmonary macrophages to the
draining lymph nodes, specifically the pulmonary or
bronchopulmonary nodes (PBLN) (Nagaishi, 1972; Net-
ter, 1992). In contrast, material deposited higher up in
the respiratory tree, gaining access to the lymphatic
Figure 6. Csfmop/Csfmop Mice Retain Bacilli within the Mucosa Early vessels in the submucosa, would necessarily first ac-
after Infection, Preventing Deposition within the Draining Lymph
cess the bronchotracheal nodes, and secondarily theNodes
bronchopulmonary nodes, if the deposition is at a more
(A) M. tuberculosis is retained within the Csfmop/Csfmop mucosa, as
distal site along the respiratory mucosa (Nagaishi, 1972;compared to controls, early after infection. C57Bl/6 mice (black
Netter, 1992). Thus, inhaled M. tuberculosis or otherbars) and Csfmop/Csfmop mice (white bars) were challenged with 1 3
bacilli phagocytosed by an alveolar macrophage would107 M. tuberculosis IN. At 36 hr post infection, lungs and airway
were removed, and mucosal tissue was microdissected away from first traffic to the PBLN, and subsequently to the BTLN.
lung parenchyma, homogenized, and plated for cfu. Data are pools Bacilli that had been transcytosed across bronchial M
of tissue from three animals per group, presented as mean 6 SD, cells and gained access to the nearby lymphatic vessels
and were evaluated by the Student's t test (p # 0.0001).
would, in contrast, be deposited initially within the BTLN.(B) M. tuberculosis fails to access the draining lymph nodes 36 hr
We reasoned that bacilli transcytosing the epitheliumpost infection, at a time when they are retained within the mucosa.
through M cells and accessing lymph vessels from theBTLN and PBLN from C57Bl/6 mice (black bars) and Csfmop/Csfmop
mice (white bars) were harvested 36 hr post infection and plated mucosal surface would reach the BTLN earlier than ba-
for cfu (n 5 3) (p # 0.001). cilli entering via the alveolar sac, which would seed the
PBLN. Our expectation was that mucosally derived tran-
sit to the lymph nodes would occur more rapidly than
M cells existing in the gut and lung could serve as a the transit of bacilli within the alveolar macrophages
portal of entry for M. tuberculosis in addition to alveolar into the pulmonary lymph nodes, as many of these mac-
macrophages. M cells facilitate rapid transcytosis of rophages are removed via the mucociliary escalator and
microbial pathogens across the mucosa and into orga- therefore cannot enter the lymphatic system. Our data
nized lymphoid tissue. Presumably, this expedites the indicated that M. tuberculosis could be cultured from
initiation and development of rapid immune responses the BTLN at an earlier time than from the pulmonary
locally, perhaps with M cells presenting antigen to T lymph nodes. In the first 24 hr of infection, we estimate
cells within the epithelial pocket (Sminia et al., 1989). A that roughly 10% of the bacilli entering the lymphoid
second question has been whether pulmonary M cells system derive from transcytosis across the epithelial
accelerate the transit of M. tuberculosis within macro- mucosa via the M cell. Thus, a local cellular immune
phages to the draining lymph nodes, perhaps facilitating response could be very rapidly initiated that could con-
bacterial dissemination as well as initiating rapid im- tribute to localization of primary infections within the
mune responses. M cell transcytosis has been shown parenchyma of the alveolus and possibly restrict bacte-
here to facilitate M. tuberculosis conveyance to the rial growth and dissemination. Consistent with these
BTLN as early as 4 hr post infection. Our data therefore observations in conventional mice was the finding of
suggest the early development of local responses in the the accumulation of M. tuberculosis within M cells much
lung. later in infection in the Csfmop/Csfmop mice, and particu-
Although M. tuberculosis could be readily seen within larly a diminished number of cfu recovered from the
alveolar macrophages as early as 1 hr post infection, BTLN nodes of the Csfmop/Csfmop mice, in comparison
transit through M cells is difficult to visualize using TEM, to challenged control mice. The Csfmop/Csfmop mice
presumably in part because of the rapidity of trans- showed increased mortality to pulmonary M. tuberculo-
sis challenge as well. Clearly the diminution in numberscytosis. In this context, the osteopetrotic null mutant
Immunity
648
animals, in order to maintain virulence. BCG (Pasteur) was similarlyof alveolar macrophages that can serve as effector cells
grown, and stock vials of known bacterial titer were prepared.in these mice lacking CSF-1 (Witmer-Pack et al., 1993)
contributed to the Csfmop/Csfmop mouse's enhanced
Mouse Infectionsusceptibility. In addition, we would suggest that the
All experimental procedures conducted were within NIH recom-
inability to readily deliver M. tuberculosis to macro- mended guidelines, with every attempt made to minimize pain and
phages transiting to the BTLN nodes, where they can suffering to subjects. All mouse strains utilized were anesthetized
with approximately 65 mg/kg weight of a solution of sodium pento-initiate a rapid cellular immune response, may also con-
barbital (Nembutal) diluted in phosphate-buffered saline (PBS)tribute to the greatly increased mortality of the Csfmop/
(Sigma). Infections were carried out in a BSL3 containment facility,Csfmop mouse. The cause of death of these mice ap-
within a biosafety cabinet. Prior to infection, aliquots were thawed,peared to be a large accumulation of intraalveolar fluid
diluted in PBS supplemented with 0.05% Tween 80, and sonicated
in addition to extensive tissue necrosis, reminiscent of for 10 s in a cup-horn sonicator. Mice were infected intratracheally
tuberculous pneumonia seen in immunocompromised (IT) following their immobilization on a Styrofoam board and surgical
exposure of the trachea. A 50 ml suspension of virulent M. tuberculo-patients. Our interpretation is that this enhanced mortal-
sis, or BCG, at a concentration of 1 3 107 in BALB/c and C57BL/6ity is primarily attributable to an early failure of the im-
mice, or 1 3 103 in Csfmop/Csfmop mice, and their controls, wasmune response, and perhaps secondarily to a paucity
injected into the trachea. The injection was followed by a puff of air toof effector cells to combat the infection. Our inference
aid mouse respiration. To reduce the number of anesthesia-related
derives from the fact that the mice are challenged with deaths, mice were kept warm postoperatively under a heating lamp
5 3 103 bacilli, but have roughly 1 3 106 alveolar macro- within the biosafety cabinet until their awakening. Intranasal (IN)
infection with 1 3 107 organisms of either M. tuberculosis or BCGphages (Wiktor-Jedrzejczak et al., 1992), enough to deal
was accomplished in similarly anesthetized normal BALB/C andwith the innoculum. Furthermore, the alveolar macro-
C57BL/6 mice and Csfmop/Csfmop mice. Twenty-five microliters ofphages of the Csfmop/Csfmop mice were fully capable of
the bacterial suspensions was placed into either nostril of the anes-producing the only known macrophage mycobacteri-
thetized mouse, then allowed to recover under the heating lamp as
cidal product, NO. It is thus unlikely that the sole cause well. The infecting dose was verified by plating the homogenate at
of their enhanced susceptibility is due to diminished 24 hr post infection. At least 30 normal mice infected IT and IN with
M. tuberculosis, 10 Csfmop/Csfmop mice infected IT, 10 C57BL/6numbers or function of alveolar macrophages.
mice, and 4 homozygous wild type littermates similarly infectedThe present experimental evidence suggests M cells
were evaluated in these studies. Twenty BALB/c mice were utilizedin the mouse lung can serve as an additional portal of
for IN infections with BCG, six C57BL/6 and six Csfmop/Csfmop miceentry for M. tuberculosis, one that allows rapid transit
were given IN M. tuberculosis infections, and two normal BALB/C
of the organism within macrophages to the draining and C57BL/6 mice were given PBS-Tween intratracheally and intra-
lymph nodes, which could contribute to the early devel- nasally to serve as controls.
opment of a protective immune response. The CSF-1
deficiency in the Csfmop/Csfmop mice results in a reduc- Assessment of Disease Progression
Animals were sacrificed by overdose on sodium pentobarbital (Nem-tion in the number of macrophages recruited from pe-
butal) at days 1, 7, 14, 21, and 28 after infection, in the Csfmop/ripheral blood. This in turn leads to the accumulation of
Csfmop mice. Mouse susceptibility to M. tuberculosis infection intubercle bacilli in the M cells, a diminution in the number
the various experimental groups was assessed by determination of
reaching the draining lymph nodes, and ultimately a the time of death; quantitation of viable cfu in livers, lungs, spleens;
severe immunocompromise we believe may be respon- and by histopathological examination of these organs (Flynn et al.,
1995). In order to minimize suffering, mice were sacrificed whensible for the increased mortality in these animals. The
moribund and scored as succumbing to M. tuberculosis infection.potential of M cells of the lung to deliver bacterial anti-
gens rapidly to the draining lymph nodes suggests that
Quantification of Viable Bacilli in Infected Tissuesthey may be critical to the development of protective
Spleen, liver, and lung tissues harvested at 24 hr, 2 weeks, and 4immune responses to infection.
weeks post infection were asceptically removed from Csfmop/Csfmop
mice, homozygous wild-type control mice, and normal C57BL/6
Experimental Procedures mice and suspended in PBS solution supplemented with 0.05%
Tween 80. Tissues were then homogenized in plastic bags using a
Animal Strains Stomacher tissue homogenizer (Tekmar Company, Cincinnati, OH),
Normal female BALB/C and C57BL/6 were purchased from Jackson diluted and plated onto supplemented 7H10 agar (Difco Labora-
Laboratories and were housed under specific pathogen-free condi- tories, Incorporated, Detroit, MI) to determine the number of viable
tions in the biosafety level 3 (BSL3) facility at the Albert Einstein organisms per organ per time point. Because each organ was parti-
College of Medicine, as described previously (Flynn et al., 1995). tioned for various studies, tissue portions were harvested for a par-
Mice were 6±8 weeks old and weighed 16±22 g. Male and female ticular study based on their anatomical location. For cfu quantitation
osteopetrotic (Csfmop/Csfmop) mice were bred at AECOM, and since in the lungs, the right lobes of the lung were utilized, in the liver the
they are toothless, were fed powdered chow (Purina) and 10 cc of right lobes were used, and in the spleen the caudate half was used.
enfamil daily, as previously described (Pollard et al., 1991). The Colonies were counted after 21 days incubation at 378C.
mutation is carried on a mixed background of intercrosses between
C57BL/6 3 C3H mice heterozygous for the Csfmop/Csfmop pheno- Histopathology
type, as described previously (Wiktor-Jedrzejczak et al., 1990). Nulli- Normal C57BL/6 mouse lung tissue was harvested at 1, 3, 4, 24,
zygous mice were identified by their absence of incisors. Homozy- 48, and 72 hr, and 1, 2, and 4 weeks post infection and were immer-
gous wild-type (1/1) and C57BL/6 mice were utilized as controls. sion fixed in 10% buffered formalin before embedding in paraffin.
All mice were housed under specific pathogen-free conditions. Csfmop/Csfmop mouse tissue was harvested at 1, 3, 24, 48, and 72
hr, and 1, 2, and 4 weeks post infection, as were their heterozygous
control mouse tissues. Homozygous wild-type control mouse tissueBacterial Strains
Virulent M. tuberculosis Erdman strain was obtained as previously was harvested at 24 hr, 2 weeks, and 4 weeks post infection, and
similarly harvested and embedded. Thick sections (4 mm) weredescribed (Flynn et al., 1995). Briefly, frozen stock solutions of
known bacterial titer maintained at 2708C were utilized. Stocks were stained with hematoxylin and eosin, or with Kinyoun's acid-fast
stain. Sections were also probed with monoclonal antibody for thederived from cultures that had been previously passaged through
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Transmission Electron Microscopy pert histological assistance.
Normal C57BL/6, BALB/C, and Csfmop/Csfmop mice and their con-
trols were harvested, and their lung tissue was inflated with fixative Received October 15, 1997; revised May 5, 1999.
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